
Plutonium in a Grassland Ecosystem 

ClUIGA LITTLE 

li'iis chapter is primonly concerned with plutonium contamiiiatioti of grassland at  tiie 
Li S Departtnent of Etiergy Rocky Flats plant, which is located tiortli\resr of Denrer 
Coio Malor topics d u d e  tJie definition of malor plutonium contaitiitig ecosvsrein 
cotnparmients, the relative amounts m diose compartments diether or riot rlid 

predotnitiant Isotopes. 2 3  'l'u and ' 9 ~ .  behmed differently. atzd what niecliaiiistm 
nught hate nilowed for the observed patterns of contamination 

Samples of soil, litter, vegetanon, arthropods, atid small mammals were collected for 
plutonutm analysu and mass determination Small aliquots (5 g or less) were anal1 zed by 
a rapid scmnllanon techruque and by alpha spectrometry 

Of the compartments mp led ,  greater than 99% of the total plutonium was 
contained it1 thc soil Die concentrations of plutonium i n  soil were significantly inversely 
correlated wth distance from the contamination source, depth of satnple, and particle 
sce of tJie sieved mil samples The soil data suggested tlrar the distribution of 
contammarion hrget'y resulted porn physccal transport processes 

Concennanons of plutomum in litter and vegetation were inversely covelared to 
durance from the source and d u e t &  correlated to soil concentrations at tiie Same 
locanon Cotnparanvely high concentranon ratios of vegetation to soil suggested witid 
resuspemon of contamination as an imporra,lt transport mechanism 

Arthropod atid small-mammal tusue samples were highlv skewed. kurtotic. and quite 
banable Plutonium concentratwns were lower in bone than in other tissues Hide. 
gastrouttestinal tract, and lung were generally not higher in plutonium concen tratiori thari 
kzdney. lzver, and muscle All data tended to xndicate that physical transport processes 
wre  the most important 

Mediati isotopic ratios of 239h to '"fi by actitity concentration in soil were 40 to 
50 Litter and vegetation rsotopic rams were similar to those of soil Arthropod and 
srnall-mat?imul lsoroprc ratcor new Iowv than those of soil, which imp/red that the two 
uotopes \ w e  differentually urcorporatcd mto the animal bodies atid 'Pu was taken up 
at a higher rate However, further investgations suggested that statistical bus ma-v h e  
spunously cotitributed to the lower isotopic ratios in small animals 

.\lust of the world's agriculture occurs on land that, before tilling, was once covered by 
sr~nds  of grasses An important untilled tract of land containinated with plutonium* is 
the grassland immediately adjacent to and contained within the Rocky Flats plutonium 
processing phnt and assoclated buffer zone about 12 km northwest of Denver, CoIo , 
metropoktin area Because Rocky Flats IS 3 prime cximple of plutonium~ontamin~ted 
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grassland, t h s  chapter wdl dwell primarily on data from ennronmental umpling at 
Rocky Flats 

The ROCAT Flats ~nstallation uses nearly 30 Am2 as a buffer zone to separate the 
publtc from plutonium-handhng operations The climate at the inbtallation is typified by 
occasional strong WW wnds exceeding 40 m/sec and moderate precipitation 1 e , 40 
cm/yr average (RocAy Flats 1975 annual weather summary unpublished) The Rocky 
Flats grassland has been modified by the actikities o f  humans and includes plant species 
t jpical of short-grass plans (Boureiuua gracilis and Buchloe dacrjloides) as %ell as 
tall-grass prairie (Agropj rot1 spp and Andropogon spp ) and ponderosa pine (Prms 
ponderosa) woodland (Web’er, Kunkel, and Shultz, 1974) hlule deer (Odocoileus 
hemronus) are found on the site along with grassland species of reptiles rodents, and 
bxds (”lucker, 1974) 

Source of the Contammation 

Intestigations by Krey and Hardy (1970) of DOE’S Enwonmental Veasurements 
Laboratory (EML, formerly Health and Safety Laborator)) suggested rhat the most lihelv 
contamination source was a storage area of stacked SS-gal barrels that leaked 
plutonium-polluted oil Data supporting the conclusion of Krey and Hardy and a 
descnption of the nature of the stored oil-plutonium mxture are delineated 

Ar-sampling data from Rocky Flats hnk the barrel storage area to the east-southeast 
contammation pattern &covered by Krey and Hardy (1970) A~r-sampling station S-8. 
one of many such stations mamtamed and sampled regularly by Rock) Flats personnel, IS 

located about 75 m east and sllghtly south of the barrel storage area Except for a brief 
period dunng 1961. monthly averages of daily arborne contamnation \slues ha\e been 
kept since at least 1960 t o  the present (Fig 1) 

The S-8 air-sampling data mdicated that contamnation peak  in the air were 
associated with dates of perturbation of the contanunared surface (Table I and Fig 1) 
Except for periods of dsturbance, the gross alpha concentrations in ambient air were near 
0 01 pCv’m3 However, dunng excavation and pawng of the banel storage area the alpha 
concentration in air markedl) mcreased (Table 1) 

T h e  plutoniumcontamated cuttmgoil about as wscous as lightweight motor oil but 
t h n e d  by carbon tetrachloride, was stored in the 55-gal barrels for periods o f  up to 7 f r  
The mtcractions between the od, ar, Cad, and plutomum vithm the barrels were 
probablj quite important in determinmg the eventual fate of the element 

m e  oil was filtered through 2- t o  3-pm fdters before bemg placed in the barrels The 
discard I imt  at the time of stonng was 1 x g of plutonium per liter of oil I f  the 
hmr and the fdtenng had been observed and performed faithfull\, each o f  the 
approxlmateh 3570 plutoniumcontammg barrels would hake had no more than 2 1 g of 
plufonium (0 I3 Ci) (U A Thompson, Enwonmental Saences. Rock) Flats Plant and 
F J hlmer, C h e m c d  Resources, Rock) Flats Plant. personal communications) 

It is dfficult to assess what occurred once the oll was mside the barrels The presence 
of carbon tetrachlonde UL the drums ailow the possibilit) that h\drochJoric acid Has 
formed, w h c h ,  in turn may have reacted with the plutonium metal to  form \ e 9  low 
concentrations of plutomum chlonde, a more-soluble form of the element (J 91 
Cle\eland, Entironmental Studies, Rocky Flats Plant personal communication) This 
possibihrv is given credibihty by the worh of J Navratll of Rock\ Flats Chemical 
Research Di\ision, aho has studied contaminated cuttmg oil m recent \ears 
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Fig. 1 Vonthly means of daily ~ O J S  alpha actrnty m unblent a u  at station S-8 (75 rn 
e m  of the oil-baml rmnge area) Alquots of Gelman A€ filter m a t e r d  were counted 
tn a gas-flow proportrod detector Data ldapted from D C Hunt, Enwonmental 
Setences, Rockwell internationat, personal communication 

TABLE 1 Total Monthly Gross Alpha 4ct1vlty in Ambient Ar at Station S-8 
(75 m East of Oll-Barrel Storage Area) Dunng Disturbances 

of the Storage-Area Surface*; 

Lktes Event 
Alpha rctrnty, 

pCi/m' - 

7/59-9163 No large-sale leakmg 0 009 
1/64-1/65 Luge-SUle lalung 0 025 
1/65 Contammated sod covered wth fill 0 01 
1/66 0 014 

1/67 Drum-removal activity begun 0 038 
616 8 b s t  drums removed but high wnds spread some rctivrty 0 188 
2/69 Weeds burned and area graded for panng 0 34 
9/69 Asphalt pad completed 0 013 
11/69 Four nmplmg wells dug through pad 0 033 
4/7 1 0 033 

Small burldmg added to ftlter contammated orl from 
krlung to new drums 

Dramage dnch dug on west ride of asphalt pad 

oAu-filter materlal was counted duectlj In a gas flow proportional counter 
+Adapted from D C Hunt, Envuonmentd Sciences, Rockuell International, personal 

mmmumcauon. 
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Va\ratd and Baldwn (1976) found that fiitenng the contarmnated oil through a 
0 01 -pm filter removed onl) about 50% of the plutonium This result strongl) suggested 
that about half the plutomum was in a relatively large particulate form whereas the other 
half was associated u i t h  bery small particles F i ss ion- t r~k  analysis of the filtered oil 
confirmed that the remarning plutonium was monomeric It is doubtful that the barrels 
consistently held the above proportions of particulate and nonparticulate plutomum 
oxlde, but each probabl) contamed some plutonium chloride 

J M Cleveland (personal communication) also suggested that the filtered 3-pm 
plutonium particles might combine t o  form larger aggregates o f  the metal Of course, the 
size and binding tenacity of these conglomerates are unknown 

Met hods 

Two macroplots were chosen for intensive sampllng of plutonium rn soil, vegetation, and 
litter 'Ihe locations of these macrop1ots relative to  the supposed piutomum source, the 
barrel storage area, and the pre\ailing wind are shown in Fig 2 -4 sampling grid was 
superimposed over each macroplot The macroplot 1 gnd was approxlmately 0 75 ha 

N 

I 1 k m  

/MACROPLOT 1 

SAMPLING 
TRANSECTS 

ASPHALT BARREL 
S ~ O R A C E  PAD 

CREEK 

MACROPLOT 2 

& 
-I CATTLE FENCE 

Rg.2 Schemnbc representaaon of the routhenst comer of the Rocky Flats Plant 
m b u t m p  the lofonon of study macroploo md sunphg transectr. The wmd rose 
mdrcates the relative rmgmtudes of wnd vcloatter d m g  1974 



( I  ha = 2 5 acres) and contained 100 sampling marhers Plutonium data in thj chapter are 
from mscroplot 1 unless specificall> noted otherwbc 

Depth profile soil samples were taken by hand with a trowel After vegetation and 
litter had been clipped and bagged separately, tour 5 b) 5 by 3 a n  samples bere  
removed and bagged separately for each ot sewn 3cmdepth  h e r s  to 31 cm deep I t  
rocks precluded sampling at a gven depth, the column was resumed belo% the blockage 
Soil samples were transported to the laboratory and airdried Rocks or debris greater 
than 0 5 c m  in diameter were removed from the sample Alter ovendrying and weiglung, 
samples were mechanically shaken on brass joll siekes The accumulation on each sieve 
was weighed and placed in a small paper envelope, and the envelope was sealed itith tape 

k t t e r  and standmg vegetation were sampled from 0 25 m2 and 0.5 m2 areas, 
respectktely Vegetation was clipped and bagged, and litter was gathered by hand and 
bagged In the laboratory litter and vegetation samples were airdried and weighed Sod 
was separated from the htter samples by a flotation process (Little, 1976) The net 
vegetation or the litter dry weight was divided by the microplot size, 0 5 rn2 or 0 25 m' 
respectivel), to calculate mass per unit area For plutonium analysis vegetation and litter 
samples were ground on a Wiley mill w t h  an S50pm opening screen, and 5-g aliquots 
\here taken 

Arthropods were sampled by a combmation of sweep nettmg, pitfall trappmg, and 
drop trapping at random sites on established grids At the laboratory animals were 
separated mto generic groups that were weighed separately These generic totals were 
combined for an estimated weight per 0 5 - m 2  mcroplot Arthropods obtained by the 
drop-trap method were not analyzed for plutonium owmg to fear of cross contammation 
from sod durmg the vacuummg process Samples for plutonium analysis and a species 
mtentory hst resulted from the s ~ e e p  netting and pitfall traps For plutonium ana1)sis a 
representative composite was analyzed for each sampling period Arthropods were not 
cleaned pnor to plutomum analysls 

Small mammal trappmg gnds were superimposed over each macroplot in a manner 
rescmbhg that used by the U S International Biological Program Grassland Biome 
(F'ackard, 1971) Animals were trapped about six times )early Sherman live traps were 
used for cricetid and sciurid rodents G o m y i d  rodents were trapped less regularly in 
homemade live traps placed ~I I  burrows systems Approxlmately 15% of the estimated 
population was removed from each macroplot dunng each trappmg session These aniriials 
were collected by removing deadm-trap mdivlduals during the regular session and the 
remunder randomly ~IL one extra trappmg night Small mammals were either dissected 
immediately o r  frozen for lsscction later Special precautions were taken durmg 
dlssection to  m n i m z e  cross contamnation betueen tissues Approxlmately 10 cm2 of 
tude was used as an aliquot Lungs, hver, and gastromtestinal (GI) tract were remoted 
intact hluscle samples were taken from the legs in most cases Bone samples consisted o f  
the whole skeleton, which had been cleaned o f  flesh by a dermestid beetle colon) All 
samples except bone were placed on tared, ashlcss filter papers, ovendried at 50 to 60°C, 
and weighed The sample was placed m a snapcap nal for storage or transport to a 
commercial laboratory 

Some soi1.sample ahquots (5 g) were analyzed for plutonium content by commercial 
laboratories (LFE, hchmond, Calif ,  and Eberline Instrument Corp , Atbuquerque, 
X V e x )  Most sod samples were analyzed m our laboratory, as were most litter and 
begetation samples Small-mammrl tssues and arthropods were commerciall\ anal) zed 
T h e  LFE method used concentrated hydrofluonc acid to dissolve samplcs (Iiessmm 



et a1 197 I )  Eberline modified a p) rosulfate fus.on technique for the same purpose (Sill, 
1969) lon-exchange columns removed interfering elenients and isolated plutonium from 
the samples before alpha spectrometv anal) sis Chemical recoverj was measured b) 
adding 2 3 6 P u  tracer to each sample Agreement between homogenized split samples sent 
to these laboratories uas good (Lt t le ,  1976) In our l a b o r a t o ~  a procedure nas used thbt 
incorporated harsh digestion of the sJmple by nitnc and hydrofluonc acids ion exchange 
organic extraction, and liquid scintillation spectrometrp (b t t le ,  1976) This  method had 
an estimated minimuni detectable activity of 0 12 pCi (P < 0 05) Plutonium data in this 
chapter are 2 3 9  *200Pu unless o t h e r ~ i s e  noted Plutonium 2-10 contributed about 20% on 
the a\erage to the alpha actltit) of 2 3 9 * 2 4 0  pu 

Plutonium Compartmentaliz3t1on 

The mventories of plutonium in the principal compartments o f  the grassland ecosvstem 
Here calculated Comparrments m\estlgated were soil, m 3-cm mcrements from 0 to  
2 1 cm, htter, standing vegetation, arthropods, and small mammals 

The compartmental intentones of plutonium were calculated by multipll ing the 
mean mass of each compartment (g/m2) by the mean plutonium concentration of the 
compartment (pCi/g) A total ecosystem inventory was calculated b) summing over all 
compartments The compartmental fraction (unitless) of the total plutonium inventory 
was calculated by divldmg each compartmental imentory @Cilm2) b} the total inventory 
@Ciim2) 

The sod compartment had bastly the largest fraction of the total plutonium. 99 698  
(Table 2) As expected, the fraction of the total plutonium contained u i t h n  a sod layer 
decreased as the depth increased The litter compartment comprised less than 15 of the 
total plutonium (53 nCi/rn’) in the study areas, and the vegetation represented only 
about 0 0 1 %  of the total plutonium By nrtue of representing both low biomasses and 
plutonium concentration, the animal compartments arthropods and small mammals, had 
euremely small fractions ot the total plutonium 6 8 x and 3 3 x 
respectiwly 

In summary the compartmentabzation data indicated that greater than 99% of the 
plutonium in the study area was located in the soil At the time of sampling, nearly 
one-half (49 7%) the total plutoruum was in the top 3 cm of soil In decreasing order, 
smaller plutonium-inventory fractions were found m litter, vegetation, arthropods a<d 
small mammals The implication of these results is that. in the present state, transport of 
plutonium is closely linked to  sod movement or erosion Therefore efforts 10 prevent 
plutonium transport off contammated grasslands should be directed primaril> at 
rruninuung soil transport rather than mobilization by biota 

Plutonium m Soil 

Ana1)sis of the soil plutonium data suggested that two prima3 generalizations about 
plutonium in sod could be stated First, the plutonium concentrations in the soil samples 
were hghly tariable Second, the plutonium concentration in a soil sample Has a tunction 
of sample location sdmple depth, and the sod particle composition of the sample 
Rationales for both of these conclusions are exarmned in some detail 

Frequent\ distributions of plutomum in soil samples Here positi\el) sLeued 
(P c 0 05) ~ i t h  coefficients of variation (CV = standard de\iation - mean) ranging to 



TABLE 1 Dlstribution o f  9Pu in Samples 
from the Rochy Flats Study \lacroplot* 

Cornputmen t Mean n t  95% confidence Interval; 

Rutonrum concenkahons, pcdg  
t 

Sod, 0-3 CTTI a35 72 551-1120 
Sod, 3-21 em 105 309 69-141 
k t t e r  41 2 29 314-509 
Vegetaaon 2 8  6 76 15 7-41 4 
Arthropods8 5 48 23 3 13-7 83 
S d m a m m a l s  6.50 304 2 38-10 6 

Fnction O f  total p h  tONUIll 

Sod, 0-3 cm 5 0 x lo-' 
Sod, 3-21 cm 5 0 x lo-' 
k t t e r  2 9 x 10'' 

2 5 x 10-1 -7 4 x lo-' 
2 5 x 1o-I -7 5 x lo-' 
1 6  x lO-'-4 2 x IO-' 

V e p  ta ti0 n 
Arthropods 5 
Small mammals 

1 o x io-. 
I 2 x 10-8 
3 3 x 10" 

4 1 x lO-'-l 6 x lo-' 
4 6 x 10-'-2 0 x lo-' 

6 6 x IO-' ' -6 0 x lo-' 

*Compartmental l ' P u  mventory (pCi/m' ) equals mean biomass 
[g(dry)/m'] umes mean concentration [pCi/g(dry) 1 Fraction of total 
qu;rls me= compartmental mventory (pCi/m') divided by total 
mventory 

tNumber of samples for which the m a n  IS calculated For 
arthropods and vegetatton n u the number of groups of indimduals 
analyzed, for small mammals n IS the number of t s u e  samples, not 
mdivtdud animals. 

$95% confidence lntelvd quals mean c (1 96 standard error of the 
mean) 

#Includes data from Bly (1977) 

greater than 2 0 Although positive skewness is a characteristic of lognormal distributions, 
the natural-log transformation of soil data did not result in normal distributions 
(Kolmogorov-Smimov one-sample test, P > 0 05) but did reduce the skewness for the 
seven depth groups tested 

Three adjacent soil columns (5 by 5 cm) from a 5- by l 5 c m  area on macroplot 2 
e ~ b i t e d  the extreme spatial vanabdity that sometunes occurred in plutoruum 
concentrations m the sod The mean plutonium concentrations m the 5-g ahquots from 
each column were 480 (column A), 5 4 (column B), and 0 57 pCi/g (column C) at the 0- 
to  3 c m  depth Virtually all the plutonium in column A was in the top 3 cm, the other 
depths (in 3 c m  increments to 21 cm) being at or near background In columns B and C, 
the majority of the plutonium was found at lower depths No other cases of such extreme 
spatial vanation in sod plutonium concentrations were detected durmg the sampling at 
Rocky Flats 

As expected, surface sod samples (0 to 3 cm) had a bgher mean plutomum 
concentration than subsurface samples (Table 3) This result agreed with data from 
Rock) Flats soil sampling reported by Krey and Hardy (1970) Plutonium concentrations 
were also a function of the size range of soil practices comprising the aliquot (Tables 3 
and 4) 

- 
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TABLE 3 Mean Plutonium Concentrations of Soil Samples from R o d \  Flats 

Plutonium concentration, pQ’g Sod pubde  
sze  range, 

r m  0-3 cm 3-6 cm 6-9 cm 9-12 cm 12-15 c m  15-18 cm 18-21 cm,  

850-2000 
425-850 
250-425 
180-250 
150-180 
75-150 
45-75 
0-45 
0-2000 

740 
460 
440 
460 
770 
870 

1400 
1500 
830 

140 88 
120 100 
130 89 
120 130 
130 100 
21 0 100 
31 0 21 0 
180 810 
170 200 

27 
36 
30 
39 
35 
68 

100 
190 
66 

13 
29 
30 
30 

140 
56 

160 
220 
86 

5 4  1 8  
7 0  5 5  

13 5 7  
14 8 9  
25 6 5  
44 11 
84 35 
85 27 
35 13 

T4BLE 4 Regression Parameters of Soil Plutonium Concentration 
(pCi/g) adjusted for the Sample Location as a Function of Sod 

Pdrticle Drameter at Various Depths* 

Conelahon Significant 
Depth, cm Intercept (b,) Slope (b,) coefficient (r) at Q = n 

0-3 4.8 -0 336 -0 312 
3-6 3.6 -0 270 -0 291 
6-9 0 89 -0 753 -0 471 
9-12 1 6  -0 544 -0 564 

12-15 0 67 -0 799 -0 719 
15-18 -0 21 -0.775 -0 706 
18-21 -0 42 -0 572 -0 358 

0 01 72 
0 05 69 
0001 50 
0001 69 
0001 52 
0001 47 

22 

T h e  model used mas In Pu = b, + b ,  In D 

Least-squares regressions were calculated w t h  linear exponential and power-function 
models of plutonium concentration in surface soil as functions of the distance east or 
south from the asphalt pad The power-function model gave the best fits of the d a t a h r  
both curves (Figs 3 and 4) A t-test mdicated that the slope of the distancesouth curve 
(Fig 1) was steeper (P < 0 05) than that of the dstance-east curve (Fig 3) These results 
conform to the concept of wnddstnbuted  plutonium the more effective, stronger 
mmds were t o  the east,and hence the slope of that curve was smaller 

Several multiple hnear-regression models were calculated The model that accounted 
for the largest fraction of the total vanance (0 868) had the follouing form 

l n P u = I I  I S - O 0 5 3 5 l n E - 1  6 1 8 1 n S  

uhcre At is the plutonium concentration (pCi!gl, E is the distance east of the asphalt pad 
centcrline (m), and S is the distance south of thz asphalt pad centerhne (m) 

Uith this model plutonium concentrations of samples in the soil depth profile were 
~diusted to esumate the concentration expected at a common location The adjusted 
\dues zere  then repressed as a function of sample depth (Fig 5) As with the distance 
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DISTANCE EAST OF ASPHALT PAD (E) m 

Fig 3 Plutonium concentration in 0- to h m d e e p  Rocky Rats  macroplot 1 sod as a 
funcbon of drstancc cast of the cenlrr of the asphalt oil-barrel storage pad. 

- 

relationships. 3 power-function regression model had the highest correlation of plutonium 
concentration with depth of the models attempted and was significant CP < 0 01) 

The relationshp of plutonium concentration in sod as a function of sod particle 
diameter (3s represented by the openmgof the final passage sieve) was examined for each 
depth layer (Table 4) The model resulted m a significant (P c 0 05) regression for each 
depth group except the 18- to 21cm group The steepest slope (-0 799),at I:! to 15 crn, 
Has significantly different (P < 0 05) from the flattest slope (-0 270), 31 the 3 to 6 c m  
level Howewr. there was no obvlous trend in slope vs soil particle-size curves w i t h  depth 
Because the amount of surface area represented by the soil particle spheres in a constmt 
mass of soil is inversely related to soil particle diameter, it follo\red that the plutonium 
concentration in a soil sample should be inversely related to the surface are3 of the 
particles in the sample A tabulation of the fractions of the total soil sample m a s  
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DISTANCE SOUTH OF ASPHALT PAD (5) rn 

E& 4 Plutonium conccntrabon m 0- to 3 s m d e e p  R o c k .  R a t s  maaoplot 1 soil as a 
funcbon of distance south of the asphdt ol-burel storage pad 

- 

represented by each sieve size organized by depths did not produce an! ob\ious patterns 
with either depth or particle size range Consequenth regressions of the soil mass fraction 
per sample as a function of depth were not significant for mozt sieve fractions Ho\\e\er. 
these 1st results would not preclude a surface attachment mechanism 

The data on plutonium in soil at Rochy Flats can be sumn13rized b) several 
statements First the variance in the plutonium consentratmns of the soil samples !\as 
large. CV s \ \ithin groups of lihe samples (same depth and particle sire) ranged to o\er 
2 0 Frequcnc! distributions for soil samples Here positi\el! shewed Spatial kdri3tion was 
also large in one instance the plutonium concentrations of aliquots taken less than 15 cm 
3pari \aned b! nearly three orders of magnitude 

Second. in spite of the large degree of  variance in tlw data the plutonium 
concentraiions in soil were significantly correlated w t l i  the location 3nd soil particle 
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Fig. 5 Flutomum conantrahon ut Rocky Flats macroplot 1 sod as a functmn of depth 
of sample Sample cmantnhons adjusted for dtstance east and such of center of 
asphalt oil-barrel storage pad. 

composition of the sod sample The spatial distiibution of plutonium (I e , mpif 
plutonium downwnd than downslope) implicated wmd as the pnme mechanism of 
plutonium transport onto the studied areas Such factors as resuspension with or wthout 
added mechanical disturbances by humans or fauna undoubtedly contnbuted to the w n d  
transport of plutonium but to a presently unknown degree The data also lndicated that 
plutonium was found to a deptn of 21 an in most samples from downwnd of the barrel 
storage area but that about two-thirds of the contamnation was in the top 5 c m  The 
relationslup between plutonium concentration and soil particle size suggested a 
surface-artschment mechanism of plutonium attachment to sod particles However, the 
lack of  any pattern of sod mass fraction wth depth for the various panicle sizes probabll 
mdicarcs that plutonium transport wth depth is not simply a case of transport of  the 
various plutomum-sod particles downward 

Plutonium in Phnt Compartments 

The vegetation commumty of the study area was composed mostly of  grasses and 
members of the sunflower family Members of the sedge, pea, and mustard families were 
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TABLE 5 Plutonium Concentnhons 
m Rochy Flats Vegetation 

and L t t e r  Samples 

Plutonturn concenm- 
hon, Pcdg 

Coefficient 
of 

Mean vmabon n 

ktter 412 0 65 29 
Vegetatton 28 6 2 02 76 

2lso present but in much lower numbers of indinduals Rather than study numerous plant 
I) pes indibidually, two plantderived compartments were studied, litter and detritus and 
s-anding vesetation Although these compartments accounted for only a small fraction of 
the total plutonium (about 0 2%), the study of those compartments helped derive some 
concepts of plutonium transport 

As with the soil, frequency distributions for vegetation samples were posltively 
skewed Further, the hypothesis that plutonium concentrations m vegetation were 
lognormally dstributed could not be rejected (P > 0 OS) Unexpectedly, the hypothesis 
that plutonium concentrations m litter were normally distnbuted could not be rejected 

Mean plutonium concentrations m htter were hgher than those m vegetation 
(Table 5) Concentrations of plutoruum m htter and vegetation were each inversely 
correlated with hstance east or south from the asphalt pad (P < 0 01) 

The fact that htter had a hgher mean concentration of plutonium than standing 
tepetation s not surprising T h  result remforces the suggestion made above that sod 
transport was the pnmary mechanlsm of plutoruum transport 

(P > 0 OS) 

Plutonium m -mal Compartments 

THO animal compartments were studled, arthropods and small mammals The; 
compartments together contained about 2 x lo-' of the total plutonium estlmated to be 
m the studled areas Nevertheless, the mobllrty of the animals makes them potential 
t:ansponen of  plutonium, albeit relaavely small amounts, off the site 
b expected from the sod and vegetative samplmg, the frequency distributions of 

plutonium concentrations in small mammals were positively skewed as indicated b) the 
hstogram ~fl Fig 6 Not only were there man) samples that had plutonium concentra- 
tions belou the detection hnut but also much of the total actibitj was supplied by 
relatively few samples Frequency dstnbutions of plutonium concentrations in arthro- 
pods were also positively skewed (Bly, 1977) B1) (1977) further indicated that 
logarithmic transformations were useful m allevlatmg the skeHness Therefore the 
plutonium concentrations of the arthropod samples were probably lognormally distrib- 
uted 

Concentrations of plutonium in 23 groups of mditidual arthropods and in 
small mammal tissues were of comparable magnitude (Table 6) The small mammal 
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MULTIPLES OF THE MEAN 23%u CONCENTRATION 

Fig. 6 Repmentatwe hutogram of small-nnmmll time samples from Rocky Rats 

TABLE 6 Mean Plutonium Concentrations 
of Arthropods' and Small \Iamrnals Sampled 

from Rocky Flats k c r o p l o t  1 

Plutonium concen hahon, 
PGk 

Coefficient 
of 

hrnple typa n Mean vanahon 

Arthropods 23 5 48 1 05 

Bone 28 0 288 2 28 
GI uact 40 7 03 2 50 
f ide  41 151 1 84 
hdney 45 136 4 39 
Lrver 46 8 38 5 45 
Lung 47 3 57 1 90 
muxie so 8 92 5 85 

External hssues 134 3 88 2 76 
Internal tissues 169 8 59 5 58 

+Includes data adapted from Bly (1977) 

S m d  mmmalc 
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tissuesample means ranged from 0 288 pCi/g for bone to 13 6 pCi/g for hidney, and the 
mean o f  whole arthropods was 5 48 pCi/g 

The patterns, or rather, lack o f  patterns, in the small-mammal data were puzzling The 
tissues were arbitranly classed either external or internal, dependmg on whether or noi 
the tissue had a direct contact with the ammal’s environment External tissues included 
GI tract, tude, and lung, internal tissues mcluded bone, kidney, hver, and muscle By 
m t u e  of the supposed low biologcal atallabhtv of plutonium and the proxlmity o f  the 
external tlssues to the contanunated soil, external tissues were expected to have larger 
plutonium concentrations than internal tissues Inexphcably, t h s  was not the case The 
three hghest plutonium cdncentrations were found in internal tissues, i e , ludney, 
muscle, and liver, h d e  and lung comprised two of the three lowest means Additionally, 
the amount of variation in samples wthin a gven tissue was quite h g h  The minimum 
bssue variation was m tude samples (CV= I M), and the maxlmum was rn muscle 

On]) two explznations for the high degree of bariabhty are at hand First, the 
possibllity of cross contammation always exists no matter how carefully one removes 
tiswes dunng dissection Second, the extremely small sample mass of a few samples (a 
dr?. ludney may be as small as 0 05 g) may have had a tendency to magrufy the relative 
plutonium concentrations However, a plot of plutomum concentration in small mammals 
vs sample mass mdicated that about as many samples had large mass and small plutonium 
concentrations as had small mass and large concentrations Beyond t h s ,  however, the 
tendency for small-mass samples t o  skew the dlstnbution has not been rnvestigated 

The nonparametric kuskl-Walhs technique (Begel, 1956) was used to test whether 
or not the seven tlssue means were from the same population The resulting ch-square 
\due of about 44 indcated that the difference between the tissue groups was hghly 
agnificant (P e 0 001) Although no test uas performed it was intuitively obnous that 
the mean plutonium concentration of the bone samples (0 29 pCi/g, n = 28) was lower 
than that of other tissues 

(CV = 5 85) 

Plutoluum Concentrahon Ratios 

The concentration ratio (CR) is a potential mdicator of plutonium redistribution by 
umd,  water, or plant uptake Concentration ratio is defined as the concentration in- 
actimty per unit mass or volume divlded by the concentration of the same nuclide in the 
same units rn another matenal In this section the  CR will have 0- t o  3 c m d e e p  sod as the 
matenal m the denonunator [e g , CR of btter = ( p a  Pu/g htter)- (pCi Pu/g 0- to 
3 c m d e e p  sod) J 

The CRs of litter, vegetation, arthropods, and small mammals are llsted in Table 7 
k t t e r  had the largest CR followed m descending order by vegetation, small mammals and 
arthropods Regressions of litter and vegetation CR’s vs distances east and south of the 
asphalt pad did not achreve significant correlation coefficients (P > 0 05) 

The plutonium concentrations in litter and III tegetation were plotted vs sod 
plutonium concentrations from the same locations Onh the litter curve is shown here 
(Fig 7) The litter regression mas interestmg because of its high correlation (r = 0 975) 
and near-unit slope (1 001) Although the number of samples here was limned. the data 
comprlsing Fig 7 suggested that litter ma) be on excellent estimator of soil plutonium 
concentration in the grassland The regression of plutoruum concentration in vegeta- 



TABLE 7 Plutonium Concentrahon Ratios and 
95% Confidence Intervals of Ecosystem Compartments 
III Rocky Flats Macroplot 1 wth 0- to 3cm-Deep Soli* 

Compartment Concentratlon r a m  95% contidence mterval 

kttcr 
Vegetauon 
Arthropods 

4 9 x lo-’ 
3 4 x 10-a 
6.8 x 10’’ 

2 9 x lo-’ -7  0 x lo-’ 
1 5  x 10”-5 4 x lo-’ 
3 1 x 10-’-1 1 x lo-’ 

Small rrrammab 7.8 x 10” 2 1 x 10-3-1 3 io-* 

*Mean plutoluum concentration m 0- to 3-cmdeep sod equds 
835 pCJg. Concentnuon rat10 equals mean pCi/g compartment 
dwlded by mean pCJg m to km-deep sod 

PLUTONIUM CONCENTRATION IN 0- TO 34%-DEEP SOIL (CJ pCdg 

Fis 7 Plutonium conocnbbon m bttn n plutonium concentcabon UI sod at the u m e  
sample locatron. 

i IS 
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tion vs plutonium concentration in underlying soil was also statistically significant 
(P < 0 01) but %as less conclusive than the litter vs soil curve and is not shoun here 

The CR's of the vegetauon were higher than those produced m greenhouse studies 
Typically, uptale of plutomum under laboratory condmons has been on the order o f  

of the soil concentrations (Newbould, 1963, Wilson and Clme, 1966: 
Romney, hlork, and h n o n ,  1970, Schulz, T o m p h s ,  and Babcock, 1976) The Rocky 
Flats C R  of 3 1 x suggests either mcreased root uptake b) grassland species or 
another method of contamnauon,  such as aenal deposition o f  resuspended soil particles 
The hgh surface-to-volume ratio of grasses and the hairy nature of the leaves of many 
members of the sunflower f a m l y  would be amenable to a h g h  rate of impaction and 
attachment of small soil panicles Given wnd-redistnbuted plutonium at Rocky Flats, 
surficial attachment of contamnated soll panicles to plants is the llkely mechanism of 
contanunaung the vegetation 

to 

Plutonium Isotopic Ratios 

Ratios of plutonium isotopes or ratlos of z3gPu and 2 4 1 A m  have been reported from 
several sites (Emery et al , 1976, Gilbert et a1 , 1975, HaLonson and Johnson, 1974, 
blarkharn, 1976) In the hope that the e\amination o f  the isotopic ratios of 239h and 
z3sPu m the grassland would g~ve  some insight mto the relative ecologcal avadability o f  
these two nuchdes, sotopic rauos were calculated for samples analyzed by alpha 
spectrometry [aotopic ratio (IR) = 239pU pCi/g of sample - 2 3 a ~  pCi/g of same 
sample] Ratios were not calculated for samples where either isotope was below the 
detection hmt Ratios were tabulated accordmg t o  sample type and tested for goodness 
of fit to a normal distnbution The distnbution of IR in the various sod depths was either 
lognormal or m a r p a l l y  nonnal Small-mammal tissues appeared to be lognormal with 
respect to the IR 

As sugpstcd by Doctor and Gilbert (1977), the concentration of z 3 g P u  was plotted 
vs z3sh for each of the seventeen sample q p e s  Seventy percent of these groups extubit 
a zero mtercept, based on a t-test These results mfphed that the ratios were constant 
wthm the tested sample groups and that 239h/2 '*h would be an unbiased estimator 
However, because of the hkelihood that the IR is lognormally dstnbuted withm mosi of 
the sample groups, median I R s  are reponed here (Table 8) The & method of- 
calculation discussed by Doctor and Gilbert (1977) was used to calculate these values 

At fust glance the median isotopic moo m sod appeared to decrease as depth 
mcreascd However, the overlapping 95% confidence intervals for the listed medians 
suggested that the ratio is relatively constant As expected, neither linear, exponentid, 
nor power-function regressions of the raw 1R data vs soil depth were statistically 

Despite the limted number of litter and vegetation samples analyzed for both 2s9h 
Pu, the median IR's of these two compartments were veri similar to IR s o f  the 

soil These results tended to inmcate that the litter and vegetation were closely linked to 
the sod 

The IRs in the animal compartments rased some ven mteresting auestions (Table 8) 
Only two sample t)pes (GI tract and muscle) exlubited 95% confidence mtervals that 
overlapped Kith soil 1R confidence intervals Therefore, i t  appeared that the small 
mammal and a r h o p o d  compartments had lower IR s than soil A lofier 1R would imply 

siprificant (P > 0 05) 

and 2 4 0  
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TABLE 8 Median Isotopic Rmos 

Rocky Flats Environmental Sample>* 
( 2 3 9 P u  pCi/g - 238h pWg) In 

Isotopic nho- 

95% confidence 
Compartment Median interval n 

Sod depth, cm 
0-3 
3-6 
6-9 
9-12 
12-1s 
IS- 18 

* 18-21 

Litter 

Vege ta tlon 

Arthropods 

S d - m r n m l  ussues 
Bone 
GI tract 
f ide 
fidney 
Liver 
Lung 
Muscle 

54 70 
43 70 
46 41 
46 45 
48 76 
46 94 
38 67 

55 47 

59 98 

9 88 

7 49 
24 8 1  
I9 94 
11 07 
17 55 
7 42 

13 20 

37 04-80 78 
35 09-54 13 
35 23-61 14 
40 67-53 06 
42 81-55 54 
32 27-68 26 
34 16-43 78 

51 62-59 61 

39 91-90 12 

5 69-17 15 

2 99-18 71  
17 18-35 90 
13 99-28 43 
3 98-30 80 

11 62-26 50 
3 97-13 87 
4 66-37 41 

10 
7 
8 
6 
6 
3 
2 
5 

3 

9 

9 
20 
21 
7 

12 
10 
9 

*Only data u1 which both a"F'u and "'Pu were 

?The median 3nd confidence limts were calculated bv 
above detectable fimts wre mcluded 

method R, of Doctor and Gllbert (1977) 

relatively enhanced assmulation of 33sPuI compared to 239Pu, into these compartments 
than lnto sod 

Obnously, there are some physical reasons for skepticism regarding data whck 
suggest that two sotopes of the same element behave differently in biologcal systems 
The difference tn mass between 2rsPu and 239Pu is less than that between '"U and 
23rU, on wluch millions of dollars have been spent for enrichment Alpha.recoi1 energ) 
from 23sPu and 239Pu could displace other atoms from near the surface o f  a particle of 
plutonium metd  However, unless the particle is composed of either pure 238Pu or purr 
2 3 9 ~ ,  there would probably be no jweferentd displacement of either nuclide relative to 
their ratio III the ongmal metal Rocky Flats plutoruum metal probably did not contain 
either pure ' "PU o r  

However, if a particle of pure '"Pu were in some way introduced into an organism, 
autonctolyas by ths hgh-specific-actinty nucLde might allow relatively fast biological 
transport compared t o  239h This idea IS not unprecedented Rats that inhaled 238Pu02 
and 239Pu02 of the same particle size and crystalhe form translocated up to seven times 
as much '3sPu as 239Pu to  systemic organs at tunes up to a year postinhalstion (Stuart, 
1970) Ballou et a1 (1973) allowed rats and beagle dogs to  inhale h O z  aerosols of 

O R !  particles 



identical size and preparation According to these uorhers, "The much greater 
translocation of 3sPu suggests that solubdization of the 2 3 8 ~ 0 2  occurs to a 
significant degree withm the dog 

The previous two paragraphs do little to help explain the ammal IR data A possible 
explanation ma) be had in statistical bias that heretofore has gone undetected Basically, 
the bias has t o  do with the fact that both 239h and 238Pu are probably lognormally 
distnbuted m enwonmental conipartments Therefore the ratio of Pu to Pu 
should also be lognormally distnbuted ( k t c h s o n  and Brown, 1969, p 1 1 )  Unfortu- 
nately, the distribution of both 2 3 8 ~  and 239Pu was censored i e ,some proportion o f  
the data points was below a detectable l imt  ( k t c h s o n  and Brown, 1969) Shaeffer and 
Little (1978) have shown that both the mean ratio and the variance of the ratio of two 
censored lognormal vanates w l l  be decreased relative to ratios of uncensored \ariates if 
the denormnator (Z3*Pu) has a lower magnitude than the numerator (239Pu) The 
magnitude of the decrease in mean ratio and vanance is influenced by the relative 
closeness t o  the detection l imt  of the tNo variates 

This appears to be essentially the case w t h  the IR  data presented herein The soil, 
vegetation, and litter compartments had relatively h g h  plutonium concentrations and 
also relatively large IR's As the plutomum concentration began to approach the 
detection hmit, e g , III arthropods and small mammals, the IR also decreased Therefore, 
if the censoring IS large, an estimate of the mean or median of the uncensored ratios will 
be in error because of the effect of censonng 

A solution for the problem of ratios of two censored hstnbutions is to try to  
estimate the population parameters for each distnbution and then use method R2, I e , 
mean ratio equals mean 239h diuded by mean 238Pu. as suggested by Doctor and 
Gilbert (1 977) kushner (1976) discusses two methods of estimating such parameters 

Lognormality was assumed, and the methods of Hald (1949)as modified by Kushner 
(1976) were used to calculate population parameters Then a method of ktcliison and 
Brown (1969 p 45) was used to calculate the "minimum variance unbiased estimator" of 
the arirhmetic mean isotopic ratio for hide The mean ratio of h d e  b) these methods was 
found to be 37 The median ratio published m this chapter was 20, and the mean ratio 
calculated b) summing all hide ratios and dividing by the number of ratios (method R3 in 
Doctor and Gilbert, 1977) was 2 9  Therefore, although no confidence interid was 
calculated the mean IR in h d e  calculated by Kushner's (1976) method would be little 
different from the mean IR in  soil Unfortunately some of the small-mammal tissue data 
are censored to such a degree that some of the functional values are extreme enough that 
the) were not tabulated by Hald (1919). one of Kushner s (1976) prime references 
Therefort the parameters of most of the censored small-mammal data cannot be 
estimated b) the methods of Kushner (1976) and Hald ( I  949) 

in summary, the median IR was constant in  soil and vegetation compartments 
Hohever, the median IR's also suggest that 2 3 s P u  is preferentiall) mobile in animal 
compartments of the grassland relative to  39Pu and soil There IS reason to belicw that 
the iR data are biased toward lower magnitudes as influenced by their nearness 10 the 
detection hmit The m a n  IR for hide estimared \iith procedures of hushner (1976) and 
h l d  (1949) suggested that these data ma) be similar to soil IRs Other small mammal 
tissues Here not compatible w i t h  these estimation procedures Further field sampling to 
eliminate the censoring difficulties is probabl) nzcessar) if the question of difterential 
concentration of 239Pu and '"Pu in small mdmmdls is to  be resolved 

** 



Summary 

The soil to a depth of 21 cmcontained more than 99% o f  the plutonium estimated to be 
m the studed areas of the Rocky Flats grassland Ltter contatned a larger fraction o f  the 
total plutonium than vegetation arthropods or shall 
mammals These results implied that sol-plutonium relationshrps and 
sod-management practices are very important at contanunated sites 

Plutoniumconcentration frequency distnbutions for soil samples were positively 
skewed and charactenzed by CVs that were generally greater than 100% Plutonium 
concentrations in surface (0 to 3 cm) sod were inversely related to distance from the 
plutonium source, the former od-barrel storage area Soil-plutonium concentrations 
tended to decrease as depth mcreased and tended to mcrease as the soil particle size 
decreased This latter result suggested that plutoruum-sod mteraction was a surface- 
attachment mechanism 

Mean concentrations of plutoruum were lugher in litter than m vegetation Frequency 
dlstributions of plutonium concentration were normal m htter and lognormal in 
vegetation In a manner simlhr to soil, plutonium concentration both m irtter and m 
vegetation w3s also inversely related to distance from the barrel storage area Plutonium 
concentrations m plantderived compartment samples were also sigruficantly correlated to 
plutonium concentration m surface sod at the same locations 

Plutonium frequency dlstnbutions in arthropods and small mammals were also 
positively skewed Plutonium concentrations in bone samples were lower than those in 
the other tissues sampled, namely, GI tract, tude, kidney, h e r ,  lung, and muscle 

Concentration ratios of Ltter, arthropods, and small mammals relative to  sod 
mdcated that litter had the hghest value The other compartments, m descendmg order, 
were vegetation (3 4 x IO-'), small mammals (7 8 x and arthropods 
(6 8 x The relatively hgh C R s  suggested that most of the contammation of 
vegetation resulted from surficdly attached plutonim-soil particles as opposed to  root 
uptake All the above data strongly mdicate that in the grassland sod is by far the most 
lmponant compartment insofar as plutonium content and transport are concerned The 
prunary conclusion i s  that, if transport of plutomum IS to  be avoided, then transport of 
sod should be avoided Therefore soil stabhation should be promoted by maxlmlrmg 
wgetatlve cover growth and mmrmung mechanical dsturbances 

Isotopic ratios of 239Pu to 23sPu were calculated for sod, btter, vegetation, 
arthropod, and small-mammal samples processed by commercial laboratones The sod 
results mdicated that the medlan ratlo was about 50 k t t e r  and vegetation IRs were 
similar to IR's m sod The IRs of small-mammal tissues and arthropods were hkely lower 
than those of sod 

The meaning of the lower 1Rs in ammal compartments was clouded by the fact that 
the frequency dlstnbutions of the 239Pu and '"Pu concentrations, from wluch the 
ratios were formed, were censored Further, the 238Pu concentration distribution was 
censored to a much larger degree than was the 239Pu distribution Ths utuation may 
haw the effect of spunously decreasmg the mean or median ratio if the ratios are formed 
before the average IS calculated An estimation procedure was w d  to calculate the mean 
of both '39Pu and 2 3 a ~  by taking mto account the degree of censorshp Although 
most smdll-mammal compartments may not be amenable to such a procedure, the ratio in 
hrde was cdculated to be about 37 This value was wthm the 958 confidence mterval of 
most of  the soil IRs Without further analysis, the hide data suggested that the I R  may 

- 
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not be changing between environmental plutoruum compartments, as prevlously 
suggested (Lt t le ,  1976), but may mdeed be constant 
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